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(54) Spectrometer for monitoring telecommunications signals 



(57) An optical spectrometer comprising an optical 
dispersive element for spatially dispersing an incoming 
optical signal including at least one wavelength, and an 
integrated optoelectronic device including a plurality of 



detectors for linearly detecting the at least one wave- 
length signal and integrated with a processor chip for 
processing the resulting electrical intensity signals from 
the detected at least one wavelength signal. 
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Description 

Technical Field of the Invention 

[0001] This invention relates to optical spectrometers 
and more particularly, to a spectrometer for monitoring 
optical telecommunication signals. 

Background of the Invention 

[0002] In h wavelength division multiplexed (WDM) 
optical rciwor-s many data channels are carried on the 
same liber Tre optical characteristics of the path - in- 
cluding rt-moiit cntton less and noise - are wavelength 
dependent Tc m-nn:*m low bit error rate transmission 
on alt chnmci, ■ .s usotu to be able to independently 
monitor ana oot-mt/o c-tch wivclength signal. It is de- 
sirable to monMc-f tnc status of such communication 
links for a variety of purposes Such monitoring can be 
done with rt l*tt_vtf Jetecior nrrny whose outputs are 20 
coupled to miniog ,im .pui.c b rtr ,j interpreted by off-chip 
computers Such nmphhed de:ec:or arrays are commer- 
cially available rind h-ivc been used in the scientific com- 
munity for spoctro^copy .ipplications Unfortunately, as 
the wavclcngn donoity , , n d the modulation rates of the 2s 
WDM signals nas incroisod thoso prior art spectrome- 
ters have not t con *b(o to adequately monitor and proc- 
ess these WDM signals 

Summary of the Invention 30 

[0003] The present invention is directed to solving the 
prior art problems using an optical spectrometer com- 
prising an optica dispersive element for spatially dis- 
persing an mcom ng optical signal including at least one 35 
wavelength, and an integrated optoelectronic device in- 
cluding a plurality of detectors for linearly detecting the 
at least one wavelength signal and integrated with a 
processor chip fo' processing the resulting electrical in- 
tensity signals from the detected at least one wave- 40 
length signal 

[0004] According to one aspect of our invention, the 
plurality of detectors is integrated to the processor chip 
using a bonding technique selected from a group includ- 
ing at least flip-chip oonding epitaxial lift-off, and hete- 45 
roepitaxial growth According to another aspect an in- 
coming Wavelength Drvision Multiplexed (WDM) optical 
signal is received over one or more optical fibers and 
the integrated optoelectronic device includes one or 
more linear arrays of detectors for detecting each wave- so 
length of the WDM optical signal from each fiber The 
processing device performs one or more functions from 
a group of functions including at least filtering, data re- 
duction, wavelength identification, wavelength power 
detection, power discrimination, signal-to-noise ratio ss 
measurement, and decoding digital telemetry or data 
signals. 



Bri f Description of the Drawing 
[0005] In the drawing, 

Fig. 1 shows a block diagram of a prior art spec- 
trometer; 

Fig. 2 shows a an illustrative incoming optical signal 
and its detection by low resolution (Fig. 2a) and high 
resolution (Fig. 2b) detector arrays, 

Fig. 3 shows a first illustrative arrangement of our 
optical spectrometer; 

Figs. 4. shows a second illustrative arrangement of 
our optical spectrometer; and 

Fig. 5; shows an illustrative optoelectronic chip for 
detecting and processing of the detected siqnals. 

i 

Detailed Description 

[0006] In the following description, each item or block 
of each figure has a reference designation associated 
therewith, the first number of which refers to the figure 
in which that item is first located (e.g., 101 is located in 
FIG. 1). 

[0007] With reference to Fig. i there is shown a block 
diagram of a prior art spectrometer. The optical input sig- 
nal 1 00 may originate from a source 101 which may be, 
e.g., an optical fiber, a modulated laser, etc. The optical 
signal 100 is then spatially demultiplexed in a wave- 
length demultiplexer or spatial dispersion device 102: 
The optical signal may include a single wavelength or 
may be a Wavelength Division Multiplexed (WDM) sig- 
nal. (Shown in Fig. 2a, is an illustrative representation 
of a dispersed or demultiplexed WDM signal showing its 
constituent wavelengths.) The demultiplexed WDM sig- 
nal is then detected in detector unit 1 03 and the resulting 
electrical signals are processed in a separate processor 
unit 104. As the wavelength density and the modulation 
rates of the WDM signals has increased the prior art 
spectrometers have not been able to adequately moni- 
tor and process these signals.' The result has been to 
limit the processing of the input optical signal to the in- 
formation processing bandwidth or rate of processor 
104. This limited processing is accomplished by either 
selecting only part of the dispersed optical signal for 
processing (e.g., by reducing the number of detector 
signals that are processed) or by performing non-real 
time processing of the dispersed optical signal (e.g., by 
sampling the signal at a rate which is less than the rate 
at which the signal is changing). 

[0008] In accordance with the present invention, we 
have designed an improved optical signal spectrometer 
having an information processing rate that is several or- 
ders of magnitudes greater than prior art optical signal 
spectrometers. Ouroptical signal spectrometer includes 
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an integrated optoelectronic device having a high reso- 
lution detector array to provide improved real-time 
processing and/or increased wavelength resolution of 
the dispersed optical signal. Our optical signal spec- 
trometer thus provides a network operator with more s 
complete and detailed information about each WDM sig- 
nal, such as more accurate wavelength detection for 
each wavelength channel, more accurate optical band- 
width of each wavelength channel, more accurate aver- 
age signal level and average background noise for each 10 
wavelength channel, the ability to identify complex real- 
time interactions between WDM channels, and, by vir- 
tue of this., the ability to control aspects of the WDM sys- 
tem within which the monitoring may be taking place. 
[0009] Shown in Fig. 2 is a drawing of the WDM signal *5 
intensity profile 201 showing how the wavelength chan- 
nels are distributed in space. As shown in the Fig. 2a 
drawing if only the average intensity of each channel is 
required, then the detector array 202 uses only one de- 
lecior per modulator or wavelength channel (thus 8 de- 20 
lectors aie shown for the 8 wavelength channels in Fig. 
2a.) For example, detector 203 measures the average 
signal intensity of the optical signal present in the wave- 
length band 204 ; which includes the signal wavelength 
At Note that depending on the background optical noise 2s 
level, the average signal intensity detected in a detector 
may or may not correctly indicate that a signal wave- 
length is present. For example, since the background 
optical noise level 205 around signal wavelength ^ is 
low, the average signal intensity detected in detector 30 
203 correctly indicates the presence of the wavelength 
signal . However, since the background optical noise 
level 215 in signal band 214 is high, the average signal 
intensity detected in detector 213 would be high and 
would incorrectly indicate the presence of the wave- 35 
length signal X € . Moreover since the average signal in- 
tensity detected in detector 213 is greater than average 
signal intensity detected in detector 203 the optical sig- 
nal spectrometer would incorrectly conclude that the in- 
tensity at wavelength exceeds that of wavelength , 40 
when in fact there is no wavelength \$ signal present. 
[0010] Even if the background optical noise level is 
the same in all of the eight signal channels, the average 
signal intensity detected in the detectors would not nec- 
essarily indicate which signal channel had the strongest *s 
peak signal. This is illustrated by comparing the greater 
average signal intensity detected in detector 223 with 
that detected in delector 203 which would cause one to 
erroneously conclude that the peak intensity of wave- 
length \ 4 exceeds that of wavelength A. 1 when in fact, so 
as shown, the peak intensity wavelength \ exceeds 
that of wavelength X 4 . Additionally, the detector array 
202 can only determine the actual wavelength of the re- 
ceived signal to within the wavelength bandwidth reso- 
lution, e.g., 204, of the detectors. The wavelength band- ss 
width resolution is determined by the size of the detec- 
tors utilized in detector array 202, the smaller the size 
of the detector the finer the bandwidth resolution. 



[0011] In accordance with the present invention, our 
optical spectrometer includes a high resolution detector 
array bonded to an integrated circuit processing chip for 
linearly detecting wavelength signal channels and for 
processing the resulting electrical intensity signals from 
the detected wavelength signal. The higher resolution 
detector array using smaller detectors, as shown by 260 
in the Fig. 2b drawing, provides more accurate informa- 
tion about the exact wavelength of each signal channel 
in the received incoming optical signal. For example, 
while the first and fourth channels, X A and X 4 respective- 
ly, have a similar average intensity levels, the channel 
X, has a narrower wavelength bandwidth and a higher 
peak intensity than the channel X 4 . These characteris- 
tics can easily be measured using multiple detectors for 
each channel, providing that the optical system has an 
impulse response (monochromatic spot diameter) 
which is much smaller than the wavelength pitch. As 
shown by 230 and 240 in Fig. 2b, illustratively, 5 detec- 
tors are used for each wavelength channel. Using the 
five detector groups 230 and 240 provides multiple sam- 
ples for each channel making it easy to detect that the 
channel has a narrower wavelength bandwidth and 
a higher peak intensity than the channel X 4 . Moreover, 
the five detector group 250 makes it easy to determine 
that no detectable wavelength signal exists in chan- 
nel 6 and that the background optical noise in channel 
6 is greater than the background optical noise in chan- 
nels 1 and 4. Thus, using the large group of smaller de- 
tectors 260 in Fig. 2b to detect the intensity of the dis- 
persed incoming optical signal provides the network op- 
erator with a much more accurate representation of the 
actual wavelength frequency and intensity of the various 
signal channels and the background optical noise 
present in the incoming optical signal 201 . 
[0012] With reference to Fig. 3 there is shown an il- 
lustrative arrangement of our optical spectrometer 
which uses free space optics to disperse or demultiplex 
the signal wavelengths of a WDM signal, from an input 
fiber or array of fibers, onto a detector/processing chip. 
Optical signals are received over an input fiber array 
having M fibers 301 . The optical output from these fibers 
301 are collimated by an optional collimating lens 302 
onto planar diffraction grating 303. The planar diffraction 
grating 303 diffracts the optical signals back through the 
collimating lens 302 which then focuses the optical sig- 
nals onto an optoelectronic chip 304. The optoelectronic 
chip 304 includes a two-dimension array (M by N array) 
of detectors which detect the optical signals which are 
then processed by a processor chip integrated there- 
with. When the optional collimating lens 302 is not used 
the optical signals from the fiber array 301 are directed 
to planar diffraction grating 303 (with optical power- i.e., 
ruled onto a curv d substrate) which diffracts the optical 
signals back to the optoelectronic chip 304. 
[0013] Each of the M optical fibers of array 301 has a 
corresponding linear array or column of detectors locat- 
d on optoelectronic chip 304. The optical spectrom ter 
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arrangement of Fig. 3 may also be utilized for detecting 
and processing signals from a single optical fiber. Each 
column of detectors includes N groups of detectors 
(each detector group including 5 detectors as shown in 
Fig. 2b) each detector group detecting one of the N 
wavelengths in the incoming signal received over a fiber 
Each column of N groups of detectors detects optical 
signals from a different fiber of fiber array 301 . Thus for 
an M input fiber array 301 each fiber carrying a WDM 
signal having N- 8 wavelengths, our illustrative optoe- 
lectronic chip 304 includes M columns of N groups of 
detectors. As shown, an Illustrative optical signal X 7 , 
which is one of the illustrative N=8 wavelengths of the 
WDM signal outputted from a fiber and diffracted at an 
angle 0 7 and is detected by the seventh group of detec- 
tors (of a total of N-8 groups of detectors) on optoelec- 
tronic chip 304. Since the diffraction angle 0 is approx- 
imately proportional to the wavelength, each different 
wavelength from an optical fiber is diffracted to a differ- 
ent detector group on optoelectronic chip 304. Thus, as 
shown, a wavelength X, is deflected by 0-, and is detect- 
ed by the first detector group of the right-hand column 
of detector groups of optoelectronic chip 304. 
[0014] Shown in Fig. 4 is another illustrative embodi- 
ment of the invention. In this arrangement, an optical 
fib r 401 has a fiber grating 402 thereon which diffracts 
the different wavelengths of the optical signal through 
an optical element including a glass block 403 and a tens 
404 to an optoelectronic chip 406. The optoelectronic 
chip 406 includes the optical detector and processor 
units. . 

[0015] The requirements for monitoring optical sig- 
nals in WDM telecommunications are different from 
most scientific applications in that (1) we know the 
number and approximate wavelengths of the signals, 
and (2) in addition to the spectra, our spectrometer can 
measure fast time-dependent signals such as bit error 
rates. We may also need to evaluate the time-depend- 
ent interactions between spectral elements. Further, it- 
may be highly desirable for the whole assembly to be 
compact in size. 

[0016] Thus, the detector array is designed to meas- 
ure optical signal intensity as a function of time and re- 
quires high-speed connections to the processing circuit- 
ry. With reference to Fig. 5, to accomplish this high- 
speed connection 511 the detector array 501 are made 
integral with the processing circuit 510. The combining 
of the detecting and processing functions on the same 
optoelectronic chip is, illustratively, accomplished flip- 
chip bonding type lll-l V detectors onto a silicon CMOS 
chip. This fabrication process has been developed at 
Bell Labs for high-speed optoelectronic switching using 
850 nm light [e.g., see K. Goossen et al, "GaAs MOW 
modulators integrated with silicon CMOS," IEEE Phot- 
onics Technology Letters 7, 360-62, 1995]. Extension of 
the process to 1550 nm light is a relatively straightfor- 
ward development involving changing the detector com- 
position to one sensitive to 1550 nm light. 



[0017] Special high-speed processor circuits can 
process the detector outputs before the data is sent off 
chip. For example an extinction ratio is made by meas- 
uring the average high and low signal values on each 
£ detector. A signal-to-noise ratio (SNR) can be inferred 
from this measurement, or can be independently de- 
rived by measuring the noise on the channels. This SNR 
measurement yields information to evaluate signal 
transmission quality. The apriori knowledge about the 
10 signals can also be exploited. We know the signal (if 
any) must lie within a limited band, so it is possible to 
cluster the detectors into groups (in Figure 2, groups of 
5) and use a winner-take-all circuit to calculate the cent- 
er wavelengths with simple local processing circuitry. 
is Further, if changes in wavelength are of particular inter- 
est, these can be calculated for each channel cluster 
with a hardware derivative circuit 
[0018] The detector arrays can be implemented using 
Galium Arsenide (GaAs) detectors. Optoelectronic VLSI 
20 technologies are available for attaching large numbers 
(thousands) of detectors to Silicon VLSI. The detector 
array may also be bonded to the integrated circuit proc- 
essor chip using any of the well known bonding tech- 
niques such as flip-chip, epitaxial lift-off, and heteroepi- 
taxial growth. The processing ASIC device may process 
the detected signals by performing one or functions from 
a group of functions including at least filtering, data re- 
duction, wavelength identification, wavelength power 
detection, power discrimination, wavelength shift as a 
30 function of time, variation in peak power between chan- 
nels, etc. 

[0019] With reference to Fig. 5, there is shown a block 
diagram of an illustrative opt-electronic chip for detect- 
ing and processing of the detected signals. Each of the 
3* optical channel detector units 501 and 502 have multiple 
detectors (5 per channel in our example of Fig. 2b) for 
detecting optical signal intensity levels within each of the 
channels of the WDM signal. The processor 510 in- 
cludes separate channel processors 503 and 504, as- 
40 sociated with each of the wavelength optical channel de- 
tector units 501 and 502, respectively, for calculating 
wavelength center frequency power levels etc. A higher 
level processor unit 505 is used to perform inter-channel 
comparisons and channel interaction calculations which 
4 & require measurements from more than one channel. 
Such calculations might include the separation between 
spectral peaks, the average and/or peak power variation 
between channels. 

[0020] The optoelectonic chip of Fig. 5 takes advan- 
so tage of the nominal wavelength separation of the WDM 
signals and the known number of channels to integrate 
monitoring (i.e., detection) capability on the chip. As pre- 
viously discussed since the detector units 50t and 502 
are made integral with the processor 510 the intercon- 
55 nections 511 therebetween is a very high speed com- 
munication connection. The resulting high speed (or 
high bandwidth) connection enables real-time high 
■ speed signal processing of the detected WDM signals. 
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The detection and processing techniques of the present 
invention thus enables the implementation of a smart 
spectrometer. This is enabled particularly by the ability 
to combine large amounts of processing electronics with 
the optical signal detectors and arises from the ability to s 
combine or integrate the detectors directly on the chip 
with the processing circuitry. This smart spectrometer 
can then look at the signals from a number of detectors 
over which the desired communication channel is 
known to appear and determine whether the signal is at 10 
the center of the band, or displaced to shorter or longer 
wavelengths. This can be determined by finding the 
peak signal channel and by determining the separation 
from the desired center channel detector (determined 
from a previous calibration procedure). This information is 
can be passed to other parts of the communication sys- 
tem, or used for real-time active control of the input sig- 
nal. In addition, it the location of the adjacent signal is 
known, one can monitor the channel separation. Thus 
the processor(s) arrangement may perform f unctions in- 20 
eluding filtering, data reduction, wavelength identifica- 
tion, wavelength power detection, power discrimination. 
This processing arrangement also enables the meas- 
urement of fast time-dependent behaviors of the signal, 
such as the detection of data modulation and bit error 25 
rates. 

[0021] Since the interconnection between the detec- 
tor and processor elements is small, compact, and of 
high bandwidth, it should be apparent that multiple sep- 
arate processing circuits could be present on the same 30 
chip, sharing the connection to the detector(s), should 
this prove to desirable. An example might be the use of 
two distinct circuits, one for high speed data detection, 
and the other for high sensitivity SNR determination. 
[0022] What has been described is merely illustrative 35 
of the application of the principles of the present inven- 
tion. Other arrangements and methods can be imple- 
mented by those skilled in the art without departing from 
the spirit and scope of the present invention. 

40 

Claims 

1. An optical spectrometer comprising 

45 

an optical dispersive element for spacially dis- 
persing an optical signal including at least one 
wavelength and 

an integrated optoelectronic device including a 
plurality of detectors for linearly detecting the so 
at least one wavelength signal and integrated 
together with a processor chip for processing 
the resulting electrical intensity signals from the 
detected at least one wavelength signal. 

55 

2. The optical spectrometer of claim 1 wh rein said 
plurality of detectors are integrated to the processor 
chip using a bonding technique selected from a 



group including at least flip-chip bonding, epitaxial 
lift-off, and heteroepitaxial growth. 

3. The optical spectrometer of claim 1 wherein the op- 
tical signal is a WDM signal received over an optical 
fiber and the integrated optoelectronic device in- 
cludes one or more linear arrays of detectors for lin- 
early detecting each wavelength of the WDM signal. 

4. The optical spectrometer of claim 1 , wherein a plu- 
rality of WDM signals are to be received over a plu- 
rality of optical fibers and the integrated optoelec- 
tronic device includes a two-dimensional array of 
detectors including a linear array of detectors for de- 
tecting each of the plurality of WDM signals. 

5. The optical spectrometer of claim 1 wherein the 
processor chip performs one or more processing 
functions selected from a group of functions includ- 
ing at least filtering, data reduction, wavelength 
identification, wavelength power detection, and 
power discrimination signal-to-noise ratio measure- 
ment, and decoding digital telemetry or data sig- 
nals. 

6. The optical spectrometer of claim 1 wherein the 
processor chip is an Application Specific Integrated 
Circuit (ASIC). 

7. The optical spectrometer of claim 1 wherein the op- 
tical signal is a WDM signal and the processor chip 
includes a separate channel processor stage for 
processing each of the WDM signals. 

8. The optical spectrometer of claim 7 wherein the 
processor chip includes a separate processor stage 
connected to the channel processors for performing 
channel interaction processing. 

9. The optical spectrometer of claim 1 wherein the op- 
tical dispersal element includes a planar diffraction 
grating for diffracting the incoming optical signal on- 
to the plurality of detectors of the optoelectronic de- 
vice. 

10. The optical spectrometer of claim 1 wherein the op- 
tical dispersal element includes a collimating lens 
for directing the incoming optical signal to the planar 
diffraction grating and for focusing the diffracted in- 
coming optical signal onto the plurality of detectors 
of the optoelectronic device. 

11. The optical spectrometer of claim 1 wherein the de- 
t ctors are In G a As or GaAs detectors. 

12. The optical spectromet r of claim 1 wher in the op- 
toelectronic device is implemented using VLSI tech- 
nology. 
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13. The optical spectrometer of claim 1 ,7 or 8, wherein 
the spectrometer is used to either adjust or control 
one or more of the signals to be detected, or to con- 
trol a WDM system that provides the WDM signals. 
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FIG. 5 
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